We develop a short-baseline vision system for a humanoid ping-pong robot. The vision system can provide four-dimensional space-time information and can predict the future trajectory of a ball. Short baseline poses special challenges for achieving sufficient 3-D reconstruction and prediction accuracy within limited processing time. We propose two algorithms including direct calibration of projection matrix and Gaussian-fitting based ball-center location to guarantee the 3-D reconstruction accuracy; we propose algorithm of five-point based ball representation and utilize the constraint of ball detecting region to guarantee the processing speed; we also propose algorithm of smoothing-based trajectory prediction to improve the prediction accuracy. Experimental results show the accuracy and the speed of our vision system can meet the requirements of a humanoid ping-pong robot.
Introduction
In the recent decades, humanoid robotics is becoming an active research area. A ping-pong playing robot, as one of the prototypes of humanoid robot, is often used as a research tool. Therefore, designing such a robot is of broad interest in robotics. Andersson [1] firstly constructed a ping-pong robot capable of playing against humans and machines. The ping-pong robot designed by Miyazaki et al. can play against humans [2] or play against wall [3] . The ping-pong system described in [4, 5] is capable of returning an incoming ball to the opponent's court. Angel et al. [6, 7] describe a position-based visual serving system for a ping-pong robot. Brunnett et al. [8] model the collisions between a ball and a racket in their virtual table tennis platform. Rusdorf et al. [9] report the simulation of an immersive table tennis and the method of collision detection.
For a ping-pong playing robot, vision is an unavoidable component which provides the ball's position at each instant and the prediction of its future trajectory. In the vision system described in [1], four cameras are applied to achieve high accuracy. But synchronization may become difficult when they capture images in high speed. In [2], the stereo vision system named Quick MAG III is used to extract a ball every 1/60 s. However, the system excessively relies on ball's color. The vision system developed in [10] only needs a single CCD video camera, based on detecting a ball and the shadow it projects on the table. This system shows a great simplicity compared with stereoscopic vision systems. However, it requires a light located at a prefixed position over the table to generate ball's shadow, making this method sensitive to illumination variation.
A ball flying over the table only takes about 0.2 s to 0.5 s. Sometimes, a vision system must finish its work in 0.1 s in order that enough time can be left for the robot to make an action plan. To meet such a high speed requirement, most of the time resolutions in current systems are more than 60 Hz. Recently, Zhang et al.
[11] developed a high speed vision system with two 250 fps cameras. However, their system is not suitable for a humanoid robot due to the long baseline.
The goal of the vision system is to predict the ball's future trajectory, so ball state including position, velocity, and acceleration must be calculated as accurately as possible. Among these factors the most fundamental one is the ball's position. The accuracy of 3-D reconstruction heavily depends on the placement of cameras. In [12, 13] , two cameras are orthogonal placed (one side look and another one over look) to achieve high accuracy. In parallel placement, the accuracy has strong relationship with baseline length, i.e., longer baseline helps to obtain more accurate results [14] . This is the reason why most of the previous systems use long baseline stereo cameras. However, humanoid robots cannot be equipped with long baseline cameras, let along those orthogonal placed. This particular requirement brings a great challenge for system's accuracy.
The baseline lengths of the previous state-of-the-art ping-pong vision systems and our system are tabulated in Table 1 . From the comparison one could find that our system owns the shortest baseline, thus may make it more suitable for the humanoid ping-pong robots. The contribution of this paper is that we develop a short baseline stereoscopic vision system for a humanoid ping-pong robot and propose some new methods to guarantee the system's accuracy. In detail, we propose several new algorithms including direct calibration of projection matrix, five-point based ball detection, and Gaussian fitting based ball center location to guarantee 3-D
